Introduction
Ventricular septal defect (VSD), a hole in the septum between the left and right ventricles of the heart, is the most common acyanotic congenital cardiac malformation affecting 30% of babies born with congenital heart disease each year (0.36% of all live births [1, 2] ). Not all infants with VSD require treatment, many closing by themselves as the child grows. However, larger VSDs cause the flow of oxygenated blood from the left ventricle (LV) back into the right ventricle (RV), causing an increase in right ventricular pressure, and increased blood flow to the lungs via the pulmonary artery; pulmonary hypertension and right ventricular hypertrophy can ensue.
The role of the atria is to fill the ventricles with blood, for subsequent ejection from the heart either to the lungs (RV) or around the systemic circulation (LV). The ventricles therefore contract much more forcefully than the atria. In the right heart, these chamber differences are reflected by the differences in pressures; RA mean pressure < 5 mm Hg and RV systolic pressure often 25 mm Hg, RV diastolic pressure < 5 mm Hg [3] . In patients with a large VSD the RV must generate a much larger systolic pressure (~80 mm Hg; similar to arterial systolic pressure) in response to the increased pressure exerted by the LV, resulting in cardiac remodelling. The cellular ultrastructure of atrial and ventricular cardiomyocytes has many similarities. However, they have very different calcium pattern in response to depolarisation; atrial myocytes have a shorter duration of action potential than ventricular (150 ms vs. 250 ms) [4] and they contract at a faster rate with rapid repolarization, with both chambers showing peak contraction within tens of milliseconds [5] . This is thought to partly be due to differences in transverse (T-tubule) organization in atria [6] ; previously thought to be lacking T-tubules [7] . Calcium signals tend to be found at the cell periphery, and as such the atria rely on hormones for the inward movement of Ca 2+ to the contractile machinery in the adult heart [8] . Recent studies (in a dog model) have now shown that there is a sparse network of T-tubules in the atria but there are differences between the left and right heart [9] . It should be noted that no comparison of cell ultrastructure has been carried out in infants.
Comparisons have been made of individual proteins between the right atria and ventricles from different pathologies (normoxaemic e.g. VSD/ASD (atrial septal defect), and hypoxaemic e.g. tetralogy of fallot (TOF) [10, 11] ), but these were not performed using current proteomics methods, and as such had to target certain protein groups (e.g. contraction and extracellular matrix). Previous proteomic studies have looked at the proteins implicated in atrial fibrillation (AF) comparing the right and left atria of adult hearts [12] , the normal human fetal atria and ventricles [13] and more recently comparing the RV from different pathologies (VSD vs. TOF) [14] . Genomics studies have compared the gene profile from different chambers [15] [16] [17] [18] but little has been reported on the differences between the whole proteome of the RA and RV from the same patient, and none from infants with VSD. This is an issue which needs addressing as researchers have in the past drawn conclusions on ventricular remodelling at the molecular level based on atrial data, due to ease of tissue access [19] . Atrium biopsy genomics are useful for a wide array of functions, but are not useful for studying contractility; ventricular biopsies should be used instead [16] .
Finally, there is the problem of availability of control/normal cardiac tissue. The only way to obtain fresh "control" cardiac tissue is from age-matched children with a normal heart having just been declared dead in a hospital setting. These situations are extremely rare and have stringent ethical considerations. Tissues from heart transplant or from recent death cannot be considered as control since there will be significant protein turnover due to storage and handling. Therefore, we wished to determine differences between the RA and RV at the protein level in a group of age-matched neonates with VSD, which would impact on future studies.
Patients and methods
Infants with RV hypertension who underwent cardiopulmonary bypass were recruited to the RVENCH (Right Ventricle Function in Children) study between 01.07.15 and 31.03.17. The subset of patients described herein (n = 5, Table 1 ) had right ventricular pressures at systemic levels, and hence high pulmonary artery pressure as a result of a large ventricular septal defect (VSD). One patient had Trisomy 21 but was still included in the analysis as the ventricular function of these patients is not known to be any different. Fully informed parental consent was obtained prior to inclusion in study. Ethical approval was granted by the National Research Ethics Service number 14/NW/1256, IRAS 143683.
Right atrial and right ventricular biopsy samples were taken from the patients at the time of surgery. To maintain protein integrity, all tissue samples were obtained as soon as possible after instituting cardiopulmonary bypass. Biopsies were immersed in Allprotect tissue reagent (Qiagen, UK) overnight, before being stored at −80°C until protein extraction.
Proteomics methods and analysis
Proteomics methods and analysis have been described elsewhere [14] . Briefly, for proteomic analysis (performed by the proteomics facility, BioMedical Sciences Building, University of Bristol), samples were labelled with Tandem Mass Tag (TMT) 10Plex reagents and analysed by LCMS using an Orbitrap Fusion Tribrid mass spectrometer running an SPS-MS3 acquisition. For phospho-proteomic analysis, phosphorylated TMT-labelled peptides were enriched prior to LCMS analysis using titanium oxide-based enrichment. Raw data files were processed and quantified using Proteome Discover software v1.4 (Thermo Scientific) and searched against the Uniprot Human database (downloaded 18/04/16: 134169 sequences) using the SEQUEST algorithm.
For comparison between chambers, proteins not found in both the RA and RV of all patients were excluded from the main analysis. However, proteins only detected in either the RA or RV were also investigated. Fold changes (a fold decrease/increase > 1.3) between chambers were determined and a log-2 transformation applied. Significant changes between the right atria and ventricle were determined by a paired t-test, and a -log 10 transformation of the p-value applied. Significant fold-changes (p < 0.05) were deemed of biological importance.
Accession numbers were converted to protein symbol (gene name) either using the Uniprot database mapping tool (converting 'UniprotKB AC/ID' to 'Gene name') or by extracting the relevant name from the protein description assigned by Proteome Discoverer, and these shall be used synonymously with protein name throughout. Gene names were not found by these methods for only~200 accession numbers. Significantly altered proteins (including cDNA with high similarity sequences to proteins) between pathologies were inputted into Ingenuity Pathway Analysis software (IPA, v39480507, Qiagen) to determine significantly enriched canonical pathways, and diseases and functions (calculated by Fisher's exact test right-tailed). Significantly changed proteins and phosphoproteins were also analysed in the 'Gene Ontology enRIchment anaLysis and visuaLizAtion' tool (GOrilla, Database update v.Feb 4 2017, [20] ) to determine enriched gene ontology (GO) terms, versus a background list comprised of all proteins detected during the proteomics and phosphoproteomics analysis. A p-value threshold of 0.001 was set, and enrichment false discovery rate q-value threshold < 0.05 (q-value: correction of p-value for testing of multiple gene ontology terms).
Results

Comparison between right atrium and right ventricle in VSD
3605 protein accession numbers (representing 3336 different proteins), were detected in all right atria and right ventricle samples from VSD patients. 150 protein accession numbers were significantly different between heart chambers, all of which were lower in the right atria ( Fig. 1A) . 414 phosphorylated proteins were identified, each containing at least one translation modification at serine, threonine, or tyrosine (resulting in a total of 700 phosphorylation site matches (as assigned by Proteome Discoverer Software v1.4)) ( Fig. 1B ). 19 phosphorylation sites, representing 19 unique proteins were significantly lower in the right atria, compared to the RV. Mean (and standard error) values for significantly changed proteins and phosphoproteins are shown in Supplementary Tables A & B , and heat-maps for these are in Supplementary Tables C & D. Ingenuity pathway analysis of the significantly changed proteins determined that 33 canonical pathways were enriched (p < 0.05) (Supplementary Tables E) and the top three were those for tRNA charging, tricarboxylic acid cycle II and dopamine degradation (p-values 3.65E−07, 2.41E−05, and 7.16E−05 respectively). Of the ten most significantly enriched diseases and functions (Table 2) five Analysis of significantly changed phosphorylated proteins between chambers showed that there was significant enrichment of those involved in the regulation of cell communication by electrical coupling (GO:0010649, 3 proteins; HRC-Ser311, CAV1-Tyr42, and CASQ2-Ser339) and the negative regulation of ion transport (GO:0043271, 4 proteins; HRC-Ser311, CAV1-Tyr42, and CASQ2-Ser339, PACSIN3-Ser319).
Heart contraction
Proteins annotated in the Gene Ontology terms 'Cardiac Muscle Contraction' (GO:0060048), 'Heart Contraction' (GO:0060047) and 'Regulation of heart contraction' (GO:0008016), and including calcium signalling proteins ( Supplementary Table F ) were compared to our dataset. Of the 274 proteins, 107 accession numbers (representing 99 unique proteins) were detected in our samples, but only 4 (CXADR, CSRP3, GSK3A, and SCN5A) were significantly different between chambers (all lower in RA).
26 phosphorylated proteins were detected (some with multiple phosphorylation sites) but only 3 were significantly higher in RV samples (HRC-Ser311, CAV1-Tyr42, and CASQ2-Ser339).
Structural and extracellular matrix proteins
Structural proteins in human skeletal muscle [21] were cross-referenced against protein lists found in our samples.
In the RA and RV of patients with VSD, 106 accession numbers (representing 94 proteins) were detected, and these were also found in skeletal muscle. Of these, only five (5.3%) were significantly different between heart chambers (β-endolase (ENO3; involved in calcium signalling) and microtubule-associated protein (MAP4; promotes microtubule assembly), and FLNC, CSRP3 and LDB3), all being lower in the right atria. Phospho-peptide enrichment suggested significantly lower expression of four distinct phosphorylated proteins in the right atria: striated muscle preferentially expressed protein kinase (SPEG) -Serine (Ser)-2448, obscurin (OBSCN) -Ser-5563, EIF5B protein (fragment; EIF5B) -Ser-164 and sarcoplasmic reticulum histidine-rich calciumbinding protein (HRC) -Ser-311, which are involved in myocyte cytoskeletal assembly, sarcoplasmic M-band, protein biosynthesis and calcium signalling respectively.
Mitochondrial proteins
GOrilla enrichment analysis found that significantly altered proteins were found to be particularly enriched in the mitochondria (GO:0005739-Mitochondrion, 47 proteins; GO:0005759-Mitochondrial matrix, 22 proteins) so the list of proteins and phospho-proteins derived from the analysis was searched using the search terms 'mitochondria' and 'mitochondrial'. The list was also searched using gene lists for 'Mitochondrial respiratory chain complexes' and 'Mitochondrial respiratory chain complex assembly factor', obtained from the HGNC (HUGO Gene Nomenclature Committee) database [22] . 401 mitochondrial proteins were detectable in both the right atria and right ventricle of patients with VSD, of which 30 were significantly different between chambers (Table 3) ; all being higher in the RV. The majority of these (17 proteins, 57%) have catalytic activity (hydrolase, isomerase, ligase, lyase, oxidoreductase, and transferase activity) [23] ( Table 3) . However, only seven phosphorylated mitochondrial proteins were detectable (NDUFB4-Ser26, TOMM70A-Ser91, TOMM20-Ser138, MFF-Ser17, CLUH-Ser702, BCKDHA-Ser308 and -Ser318, BCKDK-Ser31, PUS1-Thr133), none of which changed between chambers.
Discussion
To our knowledge, this is the first comparison of the proteome of the right atria and right ventricle of infants with ventricular septal defect. It is surprising to discover that there were not more changes in the proteins involved in heart contraction, as the primary function of the ventricles is to pump blood out of the heart, whereas the main mechanical purpose the atria serves is to be a minimally contractile reservoir. The atria of our cohort of patients are mostly normal, however the proteins associated with contraction of the ventricle are probably changed in the presence of the VSD due to marked hypertrophy brought on by exposure to left ventricular pressure in systole. Previous studies have shown that ventricles have a higher expression of genes associated with contractility [24] , albeit studies tend to be carried out in adults. Very few studies are carried out in infants, so much of what we know must be extrapolated from adult or animal data, and a lack of healthy control tissue could make interpretation of our results difficult.
Genomics studies have been carried out on heart tissue however these cannot necessarily be directly compared to proteomics. Out of a set of 13 genes described by Barth et al. [24] as known to be expressed differently between atria and ventricular samples, only three were also found in all of our samples (natriuretic peptide A, NPPA; myosin light chain 3, MYL3; cardiac phospholamban, PLN). Of these, none changed significantly, although there was a non-significant > 1.3 fold-change in MYL3 and PLN. They also showed that genes related to metabolism and mitochondria dominated the expression in ventricular myocardium, as we have shown here. A genomics study comparing the RA and LV from adults undergoing aortic valve replacement showed that genes with higher expression in the LV were mainly associated with contractility [16] . Proteome differences between chambers in fetal hearts obtained from elective terminations of healthy pregnancies could perhaps be seen as control healthy hearts [13] . They identified a number of markers higher in atrial (MYL7, NPPA, GJA5, PAM, WBP11, and GNAO1) and ventricular (MYL2, MYL3, MYL5, MYH7, GJA1, RPL3L) tissue. All of these, with the exception of GJA1 and MYL5, were detected in our samples, however none were significantly altered; MYL2, MYH7 and RPL3L (cDNA) were increased non-significantly in our ventricular samples. It is unclear whether the similar expression between chambers is caused by VSD, or due to the small sample size. In the study by Lu et al. [13] they do not appear to have separated the chambers into the left versus right heart, so any differences may be confounded.
Our analysis showed that a large proportion of the proteins which were higher in the right ventricle, were associated with the mitochondria, whose primary function is ATP production, via the oxidative phosphorylation (OXPHOS) pathway. For normal contraction and basal metabolism, the human (adult) heart consumes 30 kg of ATP per day [25] , and to maintain this demand, ventricular myocardium contains a large volume of mitochondria (~35% of cardiomyocyte volume in rats) [26] . The number and size of ventricular mitochondria increase with age; a change not seen in atrial cardiomyocytes. Adult atrial myocytes are smaller than ventricular ones, being five times shorter (20 μm and 100 μm respectively) and have a smaller diameter [27] , and lower mitochondrial content leading to reduced activity of oxidative enzymes, including succinic dehydrogenase (respiratory Complex II) which participates in the citric acid cycle and electron transport chain [28, 29] . The abundance of glycogen in atrial myocytes correlates well with the higher activity of phosphorylase, transglycosidase and glycogen synthetase [29] . Incorporation of 3 H-leucine, a measure of the level of protein synthesis at most stages of cardiomyogenesis, is of the same order in both atria and ventricular, except during the perinatal period where ventricular labelling is 10-25% higher [29] . The mitochondrial and nuclear genome are able to produce the~90 proteins necessary for OXPHOS [30] . Aminoacyl-tRNA synthetases (ARSs) are pivotal substrates in the translation of mRNA to the correct amino acid sequences found in these proteins, by catalysing the direct aminoacetylation of tRNAs with the correct anticodon sequence [31] , and were found to be significantly enriched in the RV compared to RA of our patients. Mitochondrial phenylalanine-tRNA synthetase (FARS2), cysteine-tRNA synthase (CARS2), and glutaminyl-tRNA synthase (glutamine-hydrolyzing)-like 1 (QRSL1), two subunits of the cytoplasmic form, FARSA (alpha catalytic subunit) which forms a tetramer with FARSB (beta regulatory subunit), and cDNA with sequence similarity to HARS2 (histidyl-tRNA-synthetase 2) and WARS2 (tryptophanyl tRNA synthetase 2) were all increased in RV. Four further proteins were also upregulated in the RV which are also known to be involved in mitochondrial translational elongation in protein synthesis (elongation factor Ts, the small mitochondrial ribosomal 28S subunits 6 and 36, and the large 39S subunit 34). The lower levels of these proteins seen in the RA correlates well with the reduced energy demands in this chamber. This is also reflected by the lower protein level of the cytoplasmic enzymes aconitase-1 and -2, dehydrogenase E1 and transketolase, and succinate-CoA ligase ADP-forming (ACO1, ACO2, DHTKD1 and SUCLA2 respectively) which are all involved in the TCA cycle which is at the core of cell metabolism. Of the 30 mitochondrial proteins higher in the RV, 22 have known catalytic activity [32] but the lack of significantly altered phosphorylated mitochondrial proteins suggests there is no change in the activation of these enzymes.
Atrial cardiomyocytes produce a potent natriuretic peptide (NPPA) which increases in response to atrial stretch (increased blood volume) but also increases in the RV in response to hypertrophy [33] . NPPA was detected in our patients, however surprisingly there is no difference between chambers. In the absence of control tissue it is hard to say whether the atrial levels are lower than normal, or the ventricular expression is higher. One patient appears to have much higher levels of NPPA in the right ventricle and lower levels in the atria (RV:RA ratio of 18.9), compared to the other patients (RV:RA ratio of 0.85 ± 0.78; mean ± SEM). When excluded, this leads to levels in the RV being 1.41-fold lower (albeit non-significantly) than those in the atria. Table 3 Significantly increased mitochondrial proteins in the right ventricle (vs. right atria). The main analysis performed was on proteins found in all patient samples. However, the data was also interrogated to find whether any proteins were only detected in either the RV or RA of the majority of the patients (detected in either RV or RA of ≥3 patients). Alpha-protein kinase 2 (ALPK2; a kinase that recognises phosphorylation sites in which surrounding peptides have an alpha-helical conformation) was found in the RV, but not the RA, of four patients, and the proteins Cytochrome C Oxidase Subunit 1 (COX1; involved in energy metabolism), Collagen-XXI alpha chain (COL21A1; involved in collagen biosynthesis), Protein FAM81A (FAM81A) and Drebrin-like protein (DBNL; has a role in actin cytoskeleton reorganization) were only found in the RV of three of the five patients (albeit not the same three each time). Gelsolin (GSN) was found only in the RA of three patients. Gelsolin has previously been shown to have increased expression in failing hearts [34] .
Despite our patients being age-matched, paired atrial and ventricular samples being taken, and experience of the surgeon, an unknown variable is the exact location within the chamber wall from which the biopsies were taken, with slight discrepancies perhaps leading to unexpected differences. The right atria is made up of three separate sections (a venous component, an appendage and a vestibule) each derived differently embryonically [35] and as such may have very different proteomic characteristics. Increasing the patient sample size in the future would hopefully enable us to statistically minimise the effect of this variation.
Conclusions
We can conclude that there are differences in the proteome of the RA and RV of infants with VSD. As discussed, there were large differences in mitochondrial proteins, which are probably linked to the energy demands of the ventricle. We did not see much evidence for changes in proteins associated with hypertrophy in the right ventricle, or for differences in the contractile mechanisms between the two chambers studied. The findings described here will be beneficial to the future study of multiple congenital heart defects, where there are suspected changes in the atrial and ventricular function, such as atrial septal defect, or TOF. It is however clear that the right atria is not a good model of protein expression in the right ventricle, despite its relative ease of access. It is hoped that the findings described here will be beneficial to future research into heart chamber malformations in congenital heart defects.
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